Passive sampling is a well-established tool for monitoring time-weighted average concentrations of polar and semipolar organic contaminants in streams at flow velocities between 0.1 and 0.4 m s -1 . However, its application under low-flow conditions (10 -5 to 0.01 m s -1 )as encountered in hyporheic zoneshas been scarcely reported. In this study, 3 novel passive sampler configurations were developed for the monitoring of (semi-)polar organic pollutants and related transformation products across the water-sediment interface and thus across varying hydrodynamic conditions. Their design was inspired by Chemcatcher and diffusive gradients in thin films for organics. To determine the most optimal sampler design, an uptake experiment was completed involving the 3 novel passive sampler configurations and a reference Chemcatcher in polar configuration. The experiments consisted of a circular flume that simulated the main channel of a stream and an aquarium with stagnant water that represented the underlying hyporheic zone. The systems were exposed to 192 organic pollutants at environmental concentrations, and the samplers were then collected, extracted and analyzed using liquid chromatography high-resolution mass spectrometry after 2, 6 and 14 days. The configuration that was most insensitive to different hydrodynamic conditions consisted of a reversed-phase sulfonated styrenedivinylbenzene disk as the receiving phase that was covered by an agarose diffusion gel and topped with a polyethersulfone membrane filter. To further evaluate its environmental application, samplers were installed downstream of a sewage treatment plant located at an urban stream in Berlin, Germany (Erpe). The samplers were mounted on custom-made holders which were subsequently embedded in the stream bed to position samplers above (0.30 m) and within the sediment (-0.15/-0.30/-0.45 m) for 11 days. Target and suspect screening workflows were then applied to identify common concentration patterns and link parent attenuation to transformation product formation. A total of 104 concentration profiles were determined, suggesting the efficiency of the proposed sampling strategy in the water-sediment interface. Valsartan acid was the only known transformation product indicative of hyporheic zone-driven attenuation as its concentration in porewater by far exceeded its concentration in surface water. Similar patterns were observed for a larger list of suspected transformation products, of which a sotalol transformation product was tentatively identified. Overall, the established sampling methodology can be effectively used to quantify organic contaminants during low-flow conditions and is suitable for the characterization of attenuation patterns of organic pollutants in hyporheic zones.
Introduction
Many synthetic organic chemicals (OCs) enter the urban water cycle via sewage systems and end up in surface waters via discharge from sewage treatment plants (STPs) (Schwarzenbach et al., 2006) . Upon release, they can undergo several abiotic and biotic processes such as dilution, photolysis, hydrolysis, sorption and biotransformation (Schwarzenbach et al., 2016) . One possible but rarely studied process is the attenuation in hyporheic zones (HZs).
HZs are water-saturated subsurface environments in lotic systems that emerge when surface water (SW) downwells into subsurface flow paths. Water in the HZ may travel for some distance beneath the stream bed or inside stream banks (millimeters to kilometers in seconds to months), possibly mix with groundwater and finally return to the active channel (Malard et al., 2002) . During this residence, OCs can encounter excellent conditions for biotransformation due to microbially diverse biofilms, steep physico-chemical gradients, constant input of electron acceptors and donors with infiltrating SW and an abundance of sorption sites. Owing to these characteristics, the HZ has been hypothesized to act as natural fixed-bed bioreactor and a central compartment for pollutant attenuation. It thus contributes to the self-purification of lotic systems and serves as a barrier against nearsurface aquifer contamination (Lewandowski et al., 2011b) . To date, only few studies have tested these hypotheses. Studies with explicit focus on the fate of OCs in HZs were either conducted in bench-scale flumes (Kunkel and Radke, 2008; Li et al., 2015) , in a sediment core of a river bank filtration site (Burke et al., 2014) or insitu river field sites Radke, 2012, 2011; Lewandowski et al., 2011b; Posselt et al., 2018; Radke et al., 2010; Schaper et al., 2019 Schaper et al., , 2018b . In these studies, HZ-like conditions have shown to enhance or induce the biotransformation of certain OCs. Hence, some biological transformation products (TPs) were exclusively formed in the HZ, transported back to SW and therefore proposed as potential indicators of hyporheic transformation (Li et al., 2015) . In one of the most recent lab studies on the hyporheic fate of polar OCs Li et al. (2015) concluded that carefully designing field experiments is important to determine the exact contribution of HZ transformation of OCs in SWs.
Polar (pH dependent octanol-water distribution coefficient, i.e. logDow ≤ 1) and semi-polar (1 < logDow ≤ 3, apolar: logDow > 3) neutral or anionic OCs are especially suitable for studying hyporheic transformation via biodegradation.
They do not or only slightly sorb to predominantly negatively charged natural surfaces (in particular sediment organic matter) and thus possess a high subsurface mobility. The latter suggests that biodegradation is the highest contributor to their overall loss. Cationic or non-polar neutral compounds on the other hand tend to sorb and are less mobile (Reemtsma et al., 2016) . Furthermore, tracing OCs and their biological TPs in field experiments in the HZ over an extended time-period requires sampling techniques that preserve sediment integrity and do not (or only ` 4 mildly) alter the hyporheic flow paths. This rules out ex-situ porewater (PW) sampling approaches, where sediment is collected and PW extracted offsite (Gruzalski et al., 2016) . Hence, in-situ sampling is the preferred method, provided it is minimally invasive. Examples of active in-situ sampling approaches are the USGS minipoint sampler (Duff et al., 2007) , modified versions thereof (Posselt et al., 2018; Schaper et al., 2018a) and the USEPA drive point sampler (USEPA, 2013) . Passive in-situ devices include peeper dialysis samplers (Teasdale et al., 1995) , gel samplers (Krom et al., 1994) and diffusive gradients in thin films (DGT) for nutrients and trace metals .
A passive sampler (PS) is a device that is deployed over an extended time period (days to weeks) in a medium (e.g. SW, sediment) where it accumulates the analytes of interest. If designed properly, it can operate in timeintegrative mode such that a time-weighted average (TWA) concentration of a target analyte can be inferred from its accumulated mass (Yongping Zeng et al., 2011) . While this comes with a loss of temporal resolution, an advantage of passive sampling is its minimal supervision over the sampling period. By contrast, active sampling approaches require frequent monitoring but can be automated to capture multiple snapshots over time. PSs are typically used in streams at flow velocities between approximately 0.1 and 0.4 m s -1 . Applications under low-flow conditions (10 -5 to 0.01 m s -1 ) as encountered in groundwater or HZs (Boulton et al., 2002) have been scarcely reported. Examples are the uptake of antibiotics into o-DGT at different stirring speeds (including 0 rpm) (Chen et al., 2012) and in wetted soils (Chen et al., 2014) . When discussed in the literature, low-flow PS applications typically target hydrophobic OCs using polydimethylsiloxane or polyethylene receiving phases operated in equilibrium mode (Lydy et al., 2014) . The time-integrative passive sampling of hydrophobic OCs in sediment PW (Liu et al., 2013) is less common, and its application on polar OCs in HZs is virtually unexplored.
Passive sampling across the water-sediment interface is not straightforward. Flow velocities in SW and HZ can easily differ by several orders of magnitude (see above) and since flow velocity is a major driver for uptake into PSs (Vermeirssen et al., 2008) , OC uptake in the 2 compartments will often differ due to this flow velocity difference. A quantitative comparison of SW and HZ chemistry via PSs cannot be performed and will only be meaningful after PS calibration at flow velocities encountered in both compartments. An alternative is the use of PSs that are insensitive to hydrodynamics, especially since low-flow calibration at velocities in the m d -1 range (10 -5 m s -1 ) is difficult to establish and measure experimentally. PSs virtually unaffected by hydrodynamics due to thick uptake limiting barriers are ceramic dosimeters (Bopp et al., 2005) and DGT for nutrients and trace metals . More recent developments are DGT for organics (o-DGT) (Challis et al., 2016; Chen et al., 2014 Chen et al., , 2013 Chen et al., , 2012 Chen et al., , 2018 Chen et al., , 2017 Guan et al., 2018; Guibal et al., 2017; Guo et al., 2017; Xie et al., 2018a Xie et al., , 2018b Zhang ` 5 et al., 1998) and a ceramic dosimeter for polar organics (Cristale et al., 2013) . Although the use of such PSs might eliminate the need for calibration, uptake by these PSs is significantly reduced. Low uptake, however, limits a robust quantification of OCs or requires impractically long deployment periods (up to 150 days for polycyclic aromatic hydrocarbons in ceramic dosimeters (Bopp et al., 2005) ). The ideal device for passive sampling across the watersediment interface would therefore (i) feature uptake limiting barriers that render uptake insensitive to changes in hydrodynamic conditions, (ii) accumulate sufficient analyte required for instrumental analysis and (iii) respond to fluctuating environmental concentrations within the desired deployment period.
The primary aim of this study was to develop such PS that can be applied for the monitoring of OCs and related TPs across the water-sediment interface within the time frame of days. Using a PS that is less sensitive to hydrodynamics than commonly employed PSs was the major attempt to minimize uncertainty in its field applications. Thus, we designed 3 types of passive sampler configurations which are based on the features of Chemcatcher and o-DGT. Chemcatcher is the most widely used PS for monitoring polar OCs in SW together with the Polar Organic Chemical Integrative Sampler (Booij and Chen, 2018) . For polar application, Chemcatchers are typically equipped with disks made of reversed-phase sulfonated styrenedivinylbenzene (SDB-RPS) copolymeric beads embedded in polytetrafluoroethylene (10 wt.%) as the receiving phase. By contrast, o-DGT feature a binding gel as the receiving phase topped with an agarose diffusion gel. The binding gel (also made from agarose) contains sorbent material selected according to the desired affinity towards target analytes, such as hydrophilic lipophilic balanced (HLB) copolymer for the enrichment of semi-polar to non-polar substances. Both Chemcatcher and o-DGT can be used with or without polyethersulfone (PES) membrane that limits uptake and serves as a mechanical protection. After PS design and the evaluation of uptake, 1 of the 3 novel PS configurations was selected and employed in the field to gain insights on the occurrence and HZ-driven transformation of a wide variety of organic micropollutants.
Materials and Methods

Chemicals, solutions and calibration series
Reference standards (STDs) and isotope-labeled internal standards (ISs) were purchased from CDN Isotopes (Canada), Dr. Ehrenstorfer (Germany), HPC Standards (Germany), LGC Standards (Switzerland), Molcan (Canada), MolPort (Latvia), Monsanto (Belgium), Novartis (Switzerland), Riedel-de-Häen (Germany), Sigma-Aldrich (Switzerland) or Toronto Research Chemicals (Canada) at purities ≥ 95% (analytical grade). NANOpure™ ` 6 water (NPW) was generated with a lab water purification system (D11911, Barnstead/Thermo Scientific, USA).
Acetone, ethanol and methanol were of LC/MS grade (Optima™, Fisher Scientific, Switzerland), formic acid (≥ 98%, Merck, Germany) and agarose (white powder form, low EEO, Promega, Switzerland) of analytical grade. STD and IS stock solutions (1'000 or 100 mg L -1 ) were prepared in suitable solvents and combined as mixtures. STD mixtures were then combined as a stock solution (2.5 mg L -1 ) from which 2 calibration series were prepared, i.e. the first in methanol for the quantification of PS extracts (0, 1, 5, 10, 50, 100, 500 and 1'000 µg L -1 ), and the second in NPW (0, 5, 10, 100, 250, 500, 750, 1'000 and 10'000 ng L -1 ) to quantify water samples. The remaining stock solution (2.5 mg L -1 ) was then evaporatively concentrated to approx. 50 mg L -1 to be used as dosing/spiking solution.
The evaporation step served to minimize the organic carbon content in dosing solutions (approx. 50 mg L -1 methanol) and finally to prevent bacterial growth in the exposure media. Aliquots of the concentrated stock solution were used to set the initial OC level of approx. 600 ng L -1 in the 2 PS uptake experiments and for the preparation of dosing solutions. OC levels in dosing solutions ranged from 3'700 to 10'000 ng L -1 (mean: 7'500 ng L -1 ) and thus deviated from the target concentration of 8'400 ng L -1 (0.42 mL concentrated stock solution in 2.5 L NPW) indicating possible OC loss during evaporation or in the subsequent preparation of the dosing solution. An exhaustive OC list can be found in the Electronic Supplementary Material (ESM, Table ESM2-1).
Design, preparation and assembly of passive sampler configurations
Three novel PS configurations (PS1 to PS3 in Fig. 1 ) were designed by combining and modifying the components of Chemcatcher and o-DGT. Modifications were meant to increase solute transfer resistance in the uptake limiting barrier such that the uptake resistance was governed by this barrier and less by hydrodynamic conditions (i.e. by the water flow velocity and thus the resistance over the water boundary layer). A Chemcatcher in polar configuration served as reference PS (PS-R) and consisted of an Empore™ SDB-RPS disk (Model 2241, 3M, Switzerland, diameter: 47 mm, thickness: 0.5 ± 0.05 mm) as the receiving phase topped with a PES membrane (Supor 100, PALL, Switzerland, diameter; 47 mm, pore size: 0.1 m, thickness: 132 to 145 m). PS1 was a PS-R with a second PES membrane (SDB-RPS disk/PES membrane/PES membrane). PS2 was an o-DGT topped with a PES membrane (binding gel/diffusion gel/PES membrane). It was inspired by o-DGT described by Chen et al. (2012) , but featured a 4 times larger exposed surface area (12.6 cm 2 against 3.1 cm 2 in the standard DGT housing) and a different receiving phase (SDB-RPS against XAD18). PS3 was a combination of PS1 and PS2, i.e. SDB-RPS disk was the receiving phase topped with a diffusion gel and covered by a PES membrane (SDB-RPS disk/diffusion gel/PES membrane). For binding gel preparation, 3.5 g sorbent material (Oasis HLB, 10 m, Waters, Switzerland) were wetted in 20 mL NPW for 10 min under stirring. The slurry was centrifuged (3'020 g, 5 min, 20°C) and the supernatant discarded.
Six g of wet sorbent (of 7 g in total) were stirred in 15 mL hot NPW and combined with 15 mL hot agarose solution (2% w/v) (NPW and agarose solution were both brought to the boil in a microwave and allowed to cool briefly before further use). This suspension (1% w/v agarose) was cast between Perspex plates of a custom-made casting device.
The diffusion gel was prepared from 30 mL hot agarose solution (1% w/v) without the addition of sorbent material.
Both gels were left to cool and solidify at 4°C inside the casting device. Finally, 47 mm disks were cut out with a punch-cutter and stored in NPW at 4°C. SDB-RPS disks and PES membranes were conditioned in methanol (30 min) and subsequently in NPW (30 min) on a rotary shaker. The NPW was exchanged and both were stored at 4°C until PS assembly. All PSs were assembled in a housing that provided a 4 times larger exposed area than the standard DGT housing. For the assembly of PSs (Fig. 1 ), the receiving phase was placed on a stainless steel plate (70 by 100 mm), eventually topped with a diffusion gel (PS2, PS3), covered by 1 (PS2, PS3, PS-R) or 2 (PS1) PES membranes and closed by a stainless steel cover plate (70 by 70 mm). Polytetrafluoroethylene spacer plates were used to avoid excessive squeezing of gels while keeping the layers in place. Assembled PSs were stored in NPW at room temperature until use in the uptake experiment (section 2.4) or in the field (section 2.5). 
Field site selection and substance screening
Within the HypoTRAIN project, a stretch of the urban stream Erpe in Berlin, Germany was selected as the field site for a joint experiment on the hyporheic fate of OCs. The Erpe is a eutrophic urban lowland stream at the eastern edge of Germany that receives up to 80% of its discharge as effluent from several smaller and one large municipal STP (Muenchehofe, 42'500 m 3 d -1 dry weather capacity). The daily and weekly fluctuations in STP effluent discharge, effluent loads, and superimposed precipitation events typically result in considerable changes in SW composition (Lewandowski et al., 2011b; Posselt et al., 2018) . The SW is therefore characterized by a high OC and nutrient load, resulting in a fine-sandy siliceous, predominantly clogged anoxic downstream sediment with a high organic carbon content . Although the latter characteristics do not suggest a HZ, the large cross-sectional storage zone potentially contributes to HZ formation. In September 2015, about a year prior to the actual joint field experiment in June 2016, Chemcatchers (PS-R) were deployed for 2 weeks (September 15-29) up-and downstream of STP Muenchehofe to screen for OCs and known TPs. Over 300 OCs were quantified (see Table ESM2 -1), 60 of which were found in up-and downstream samples above the limit of quantification (LOQ). Additional 83 OCs were found only in downstream samples. Several of these OCs were selected to characterize uptake into the different PS configurations. Of particular interest were TPs and (semi-)polar neutral or anionic OCs for their suitability and applicability in hyporheic fate studies. The selection was further extended to cover a wide range of physico-chemical substance properties, such as polarity (logDow,pH8.3 -4.6 to 5.9), speciation (75 neutral, 45 anionic, 52 cationic, 20 zwitterionic) and molecular weight (102 to 821 Da).
The logDow values were predicted from SMILES strings using JChem for Excel (Vers. 18.8.0.253, ChemAxon), OC speciation at a particular pH using ChemAxon's Calculator (cxcalc) in batch mode. The final substance selection for the uptake experiment consisted of 192 OCs of various substance classes (see Table ESM2 -1, 127 thereof were found in the Erpe).
Passive sampler uptake experiments
Uptake into PS1 to PS3 was evaluated and compared against PS-R under 2 hydrodynamic conditions: (i) in a circular flume (made of Perspex, partly described in (Vermeirssen et al., 2013) ) at continuous flow simulating the hydrodynamics of a stream channel and (ii) in a glass aquarium with stagnant water (no forced flow) simulating hydrodynamic conditions similar to those encountered in HZs (a flow velocity close to zero or in the low m d -1 range, a rough estimate of the convective flow velocities in the aquarium at nearly constant water temperature). Schemes and photographs of the 2 setups are shown in the ESM (Fig. ESM1 .B-1, Fig. ESM1 .D-2). PSs were exposed in duplicates to the 192 selected OCs in tap water at environmentally relevant concentrations (approx. 600 ng L -1 ) and removed from the 2 basins after 2, 6 and 14 days. PS duplicates kept as lab blanks in NPW inside a field box near the experimental setup were collected after 14 days. After retrieval, the exposed part of SDB-RPS disks and binding gel were cut out (circular diameter: 40 mm), SDB-RPS disks were carefully dried using paper towels, and both were stored in 6 mL acetone at -20°C in 7.5 mL brown glass vials until extraction.
While more than half of the spiked circular flume water was renewed per day (20 L of in total 37.7 L), the water in the aquarium was not renewed to minimize water movement and only received an initial OC spike. For water renewal, tap water was pumped from a reservoir into the flume using a rotary vane pump (833 mL h -1 ). At the end of the feeding tube, the dosing solution (section 2.1) was infused with a HPLC pump (60 mL h -1 ).
OC concentrations, water temperature and pH in the basins were monitored in daily water grab samples (stored at -20°C until analysis). Both setups were covered with lightproof pond liner to reduce evaporation and exposure to ambient light. The water in the round basin was circulated using 2 immersion pumps (compact 1000, Eheim). Since the water flow velocity along the edge of the basin was not fully homogenous, PSs were shifted by 3 positions (24 positions in total) counter-clockwise every 24 h and were therefore exposed to approximately the same mean flow velocity of 0.13 m s -1 (Table ESM1 .C-2).
If the mass of an OC was increasing over time in the receiving phase of a PS, the sampling rate (Rs) was calculated according to Eq. (1) for every time-point sampled (t = 2, 6 and 14 days). The Rs is described in terms of volume of water extracted by a PS per unit time and is typically reported in liters or milliliters per day. 
Field application in the hyporheic zone of an urban stream
OCs were passive sampled across the water-sediment interface of urban stream Erpe downstream of STP Muenchehofe (52°28'44.4"N 13°38'08.6"E) from June 5-16, 2016 using the most effective PS (PS3). The latter was identified by the results of the uptake experiments applying the following criteria: insensitivity towards changing hydrodynamic conditions and physical robustness in the field. Assembled PS3 were stored in NPW inside a field box, transported to the field and mounted on custom-made holding devices. Three holders were embedded in the sediment, positioning the PSs in SW (0.30 m above the sediment) and within the sediment along (theoretical) horizontal (0.3 m distance, holder 1, 2 and 3) and vertical (-0.15/-0.30/-0.45 m) transects (Fig. 2) . To account for the unwanted OC contamination, additional PSs (PS-R) were transported within the field box but were not deployed in the stream (i.e. stored inside the field box over the deployment period as field blanks). After 11 days, PSs (stream and field box) were retrieved, carefully dried using paper towels, receiving phases cut out (40 mm diameter), stored at -20°C and transported to Eawag Dübendorf, Switzerland on dry ice. Upon arrival, receiving phases were immersed in 6 mL acetone and stored at -20°C until extraction. (Raza et al., 2018) . Hydraulic conditions at the investigated field site remained unclear since flow measurements in PW using heat pulse sensing (e.g. (Lewandowski et al., 2011a) ) were unsuccessful. Multi-level temperature lances in the nearby streambed (50 m downstream) indicated a downward vertical PW flow (0.06 to 0.11 m h -1 , 0.12 to 0.89 m d -1 (Schaper et al., 2018b) ). The same area was identified as a zone of SW exfiltration (approx. 800 m 3 d -1 ) (Verleger and Schumacher, 2012) . Therefore, downward vertical PW flow was assumed for the investigated sediment patch.
It is however to be considered that sediment characteristics, hydraulic conditions and consequently the hyporheic flow can vary in time and across a small spatial scale, and are difficult to evaluate in general (Angermann et al., 2012) .
Extraction of passive samplers
Receiving phases stored at -20°C in acetone were equilibrated to room temperature and then shaken on a rotary shaker in the storage solvent for 30 min. Obtained extracts were transferred to new glass vials and were then spiked with ISs. The receiving phases were extracted a second time using 6 mL methanol (30 min). The first receiving phase extracts (acetone) were evaporated to roughly 1 mL using nitrogen blow-down (40°C) and then combined with the methanolic extract. Combined extracts were filtered (13 mm syringe filter, polytetrafluoroethylene, 0.45 m pore size, article no. SF1309-2, BGB analytics, Switzerland), evaporated to 0.1 mL, reconstituted to 1 mL using NPW, centrifuged (3'020 g for 30 min at 20°C, Megafuge 1.0R, Heraeus), and supernatants transferred to sample vials. The final extracts were stored at 4°C during immediate subsequent instrumental analysis.
LC-HRMS/MS analysis and data processing
Water grab samples (collected during the uptake experiments, stored at -20°C) were equilibrated to room temperature and then centrifuged (3,020 g for 30 min at 20°C, Megafuge 1.0R, Heraeus) before supernatant aliquots were transferred into sample vials and spiked with ISs. Calibration standards (details in section 2.1), PS extracts and water samples were injected into a reversed-phase C18 liquid chromatography column (either Atlantis T3, 3 x 150 mm, 3 µm or XBridge, 2.1 x 50 mm, 3.5 μm, both: Waters, USA). NPW and methanol, both acidified with 0.1% formic acid, were used as eluents for the chromatographic gradient from 5% (Atlantis T3) or 10%
(XBridge) to 95% methanol. Chromatography was followed by electrospray ionization and detection by highresolution tandem mass spectrometry (QExactive or QExactive Plus, Thermo Scientific, USA). Mass spectra were acquired in full scan mode at a mass resolution of 140'000 (FWHM at m/z 200) with subsequent data-dependent MS2 (Top5, mass resolution 17'500). Separate runs were carried out in positive and negative ESI polarity mode.
More details on the instrumental methods used are provided in the ESM (Table ESM1 .A-1).
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Chromatographic peaks of target analytes were automatically detected (5 ppm mass tolerance, minimum 3 data points) and integrated using the ICIS algorithm of TraceFinder (version 4.1 EFS, Thermo Scientific, USA). All peak integrations were reviewed manually. Quantification was based on the internal standard method, i.e. to each target analyte, ideally a matching IS was assigned. If the latter was not available, an IS with a similar retention time (nonmatching) was used instead. Linear or quadratic calibration curves (1/x-or 1/x 2 -weighted) were then generated by fitting analyte concentrations (x) against STD-to-IS peak area response ratios (y) without forcing the fit through zero.
Suspect screening of hyporheic transformation products
Raw data of PS3 extracts after field application were submitted to a Compound Discoverer workflow (version 2.1, Thermo Scientific, see section ESM1.K for details) for detection (minimum intensity: 10'000, 30% intensity tolerance) and grouping (considering different ESI adducts and isotope peaks) of peak features (characterized by m/z, retention time and intensity) with subsequent compound assignment (elemental composition based on predefined maximum elemental counts within a mass tolerance of 5 ppm). Compounds were automatically matched with a list containing suspected TP candidates. The latter were phase I metabolites (oxidation, reduction, cleavage), phase II metabolites (conjugates) and several other microbial TPs of selected parent OCs. Metabolites were predicted using a prediction tool that computes metabolites starting from the molecular formula of the parent. For the prediction of further microbial TPs, the Eawag pathway prediction system (Eawag-PPS, http://eawagbbd.ethz.ch) was used, i.e. a web-based tool that employs the SMILES string (molecular structure) of an OC as the input (settings: relative reasoning, no immediate rules, aerobic and anaerobic transformations allowed, 3 generations) to generate predictions for TP pathways. Peak areas of TP suspects in PW were corrected for the difference in flow velocity with respect to SW using the field factor of the parent OC calculated according to Eq. (2).
If experimental Rss were unavailable, the average field factor of PS3 (i.e. 2.1) was used instead. 
Results and Discussion
Sampling rates for 144 compounds under stagnant and flowing conditions
Uptake was evaluated for 144 of the 192 spiked OCs that fulfilled the following conditions: (i) analyzable in water samples and PS extracts, (ii) increase in the receiving phase over time of at least 1 PS configuration, (iii) absence in lab blanks, and (iv) no full depletion (to below LOQ, cf. Table ESM2 -1) in the exposure medium.
OC concentrations in the 2 uptake experiments ranged from 151 to 1'025 ng L -1 (aquarium) and 71 to 692 ng L -1 (circular flume). Over the course of 14 days, these levels fluctuated on average by 18% (aquarium) and 29%
(circular flume). Factors that might have caused the deviation from the intended spike level (approx. 600 ng L -1 ) as well as fluctuations are varying OC levels in dosing solutions (section 2.1), presence of OCs in unspiked tap water (not monitored), sorption-desorption of OCs in the setup materials and abiotic (e.g. hydrolysis) or biotic attenuation (no visual indication of a biofilm). Rss obtained for the different PS configurations under the 2 hydrodynamic conditions are summarized in Table 1 and are also presented in detail in Table ESM2 -1. Owing to the difference in flow velocity, mean Rss in the circular flume (19 to 63 mL d -1 ) were higher than in the aquarium (10 to 18 mL d -1 ). As expected, increasing resistance in the uptake limiting barrier resulted in lower Rss (highest for PS-R). However, mean Rss of PS2 and PS3 were different despite the same uptake limiting barrier (diffusion gel covered by PES membrane). This observation can only be explained by better contact between binding and diffusion gel in PS2 compared to SDB-RPS disk and diffusion gel in PS3 or by a higher diffusivity of OCs in the binding gel (PS2) than in the SDB-RPS disk (PS3). PSs with a SDB-RPS disk as the receiving phase (PS1, PS3, PS-R) demonstrated selectivity towards different OC species (Fig. 3) , i.e. Rss were low for cations and higher for zwitterions, followed by anions and neutral OCs. By contrast, hardly any species discrimination was observed for PS2 with Oasis HLB in the binding gel as the receiving phase. No linear (Pearson) correlation was observed between Rss and logDOW,pH8.3 irrespective of PS-type and uptake experiment. All r 2 were below 0.1 except for PS2 under stagnant conditions (r 2 =0.27, r=-0.52, p<0.005). After grouping Rss by OC species, this linear correlation between logDOW,pH8.3 and Rss in PS2 became more pronounced for neutral OCs (r 2 =0.44, r=-0.67, p<0.005), i.e. Rss decreased with increasing logDOW,pH8.3 (see Fig. ESM1.E-3) . In a former study using Chemcatcher in PS-R configuration but with a larger PES membrane pore size (0.45 µm, here: 0.10 µm), universal Rss were derived for very polar anionic (50 mL d -1 , here: 67 mL d -1 for anions) and semi-polar neutral OCs (100 mL d -1 , here: 91 mL d -1 for neutral OCs) for flow velocities above 0.05 m s -1 (here: 0.13 m s -1 ) (Moschet et al., 2015) .
Based on the observed SDB-RPS disk selectivity, we further suggest universal Rss of 29 mL d -1 and 49 mL d -1 for cationic and zwitterionic OCs, respectively. 
The least flow-sensitive passive sampler: SDB-RPS disk-diffusion gel-PES membrane (PS3)
To identify the most insensitive PS to the tested hydrodynamic conditions, None of the investigated PSs was entirely insensitive to flow velocity. However, PS3, a combination of Chemcatcher (receiving phase) and o-DGT (diffusion gel) was the least sensitive to flow velocity for the tested OCs, i.e. the mean ∆Rs was smallest with 110%. ∆Rs was the highest in the PS-R (274%), followed by PS1 (235%) and PS2 (a modified o-DGT, 147%). A similar ΔRs (approx. 100%) was reported for uptake of the antibiotic sulfamethoxazole into an o-DGT, when the stirring speed was increased from 0 to a high value (Chen et al., 2012) . As expected, the PS-R without any modifications was the most sensitive to hydrodynamics. Looking closely at the individual PS configurations revealed a significant positive correlation (r≥0.27, p<0.05) between ∆Rs and logDOW,pH8.3 for all PSs except PS3 (r=0.20, p>0.05). Roughly speaking, less polar analytes were more affected by the different flow conditions. Depending on the PS configuration, this correlation was even more pronounced at the speciation level, e.g. the correlation between ∆Rs and logDOW,pH8.3 of anions in PS2 (r=0.7, p<0.005). Finally, PS3 was deemed as the most applicable PS for the main channel and HZ of the Erpe because it was the least sensitive to the changes in water flow velocity and the receiving phase was physically more stable, allowing for easier handling than the binding gel of PS2.
Quantification of 104 organic contaminants across the water-sediment interface of the Erpe
A total of 104 OCs (81 parent OCs, 23 TPs) were quantified above LOQ when PS3 were deployed in the Erpe. Of the detected compounds, 68 were pharmaceuticals (21 TPs), 4 illicit drugs, 3 biocides (1 TP), 2 corrosion inhibitors (1 TP), 2 industrial chemicals, 1 personal care product and 1 X-ray contrast agent (classification based on major use in Europe). Stringent requirements for the evaluation of an OC was its absence in field blanks, requirement for the evaluation of an OC in SW was its presence in all 3 PS replicates. The latter criterion was not applied to PW PSs since they were not necessarily exposed to the same PW or hyporheic flow path. Moreover, scouring was observed around holder 1 (most upstream). Hence the PS at -0.15 m (only holder 1) was excluded from the trend analyses. Overall, the OC mass among PS replicates in SW varied by 10%, indicating the robustness of the PS method. In PW, the OC mass per PS was averaged for the 3 PSs at a specific depth. These levels underwent moderately higher fluctuations (20 to 27% RSD) in the underlying layer (HZ), likely suggesting that the sediment characteristics were not entirely homogenous around the different holders. Furthermore, a horizontal PW flow component was ruled out, which is in agreement with 2 earlier studies at the Erpe, where no significant horizontal PW flow was observed (Posselt et al., 2018; Schaper et al., 2018b) . The TWA concentrations were derived using Eq.
(1) with the OC mass per PS and the Rs as inputs. In the best case, experimental Rss were available for both flow scenarios (stagnant, n=71, flowing, n=74 ). If the Rs was only available for one of the 2 scenarios, the missing Rs was estimated by linear correlation between Rss of PS3 in the 2 setups (stagnant, n=5, flowing, n=2, see Fig.   ESM1 .G-5 for details). Whenever no experimental Rs could be determined the OC species-specific (stagnant, n=20, flowing, n=18, Fig. 3 ) or setup-specific Rs (mean Rs of all OCs, stagnant: 9.6 mL d -1 , n=8, flowing: 18.9 mL d -1 , n=10) was used. The final error of OC concentrations in water (error bars in concentration profiles, Fig. 4) ranged from 5 to 120% and resulted from error propagation taking into account the Rs error (stagnant: 5 to 69%, flowing: 10 to 47%) and the deviation of OC mass among PS replicates (see above).
OC concentrations in surface water
All 104 OCs above LOQ were present in SW at TWA concentrations ranging between 3.10.7 ng L -1 (iminostilbene) and 297.2 g L -1 (melamine). Besides melamine, 17 other parent OCs were found in the g/L-range, such as valsartan (234.9 g L -1 ), 1H-benzotriazole (8.12.5 g L -1 ), sitagliptin (6.81.6 g L -1 ), metoprolol (6.41.3 g L -1 ), hydrochlorothiazide (5.31.2 g L -1 ), metformin (4.21.2 g L -1 ), diclofenac (3.90.8 g L -1 ), gabapentin (3.40.8 g L -1 ) and 5-methyl-1H-benzotriazole (2.90.9 g L -1 ) (see Table ESM2 -1 for all OCs). These elevated concentrations can be explained by the high proportion of STP effluent (up to 80%) that Erpe receives from upstream STPs. Similar concentrations were reported in a parallel study over 2 days (June 14 to June 17, 2016) based on an hourly sampling resolution (comparison provided in Fig. ESM1 .I-8) .
OC concentration changes across the water-sediment interface
To evaluate OC concentration changes across the water-sediment interface, TWA concentrations in SW were compared with TWA concentrations in PW. By doing so, 3 distinct vertical concentration patterns were identified (Table 3) . Example compounds are depicted in Fig. 4 . Pattern 1 (attenuation) can be further divided into 4 subpatterns (1a to 1d). Since PW was anoxic after approx. -0.30 m (section 2.5), only little formation of aerobic TPs was expected below this depth. Moreover, due to the elevated fraction of sediment organic carbon, sorptive ` 18 attenuation of especially apolar OCs was likely. Under such conditions, it is essential to link parent attenuation to TP formation. Of the 104 OCs, 30 OCs (14 parents, 16 TPs) could be assigned to 10 groups of at least one parent OC and one known TP. Some of them will be discussed in detail below. The other 73 OCs were either parent OCs without monitored TP (n=67) or TPs without detected parent OC (n=6, parent below LOQ: irgarol, nicotine, verapamil, analytical issue: tramadol, not monitored: fenofibrate). Fig. 4 . Concentration patterns across the water-sediment interface exemplarily shown for 6 organic contaminants.
Red dashed lines: limit of quantification (LOQ) in the respective compartment (value in in ng L -1 in top margin).
Black dotted line: linear interpolation between mean concentrations (standard deviation as error bars).
Concentrations below LOQ are plotted as 0 ng/L. Abbreviations: CW: concentration in water. HZ: hyporheic zone.
PW: porewater. SW: surface water. TP: transformation product.
Not all 104 OCs present in SW were also found in PW. Specifically, 33 OCs (24 parents, 9 TPs) were exclusively found in SW (<LOQ in PW) ( Table 3 , pattern 1a) and can be considered to have been completely attenuated in the water-sediment interface (SW to PW at -0.15 m). To account for different LOQs in SW and PW, the PW LOQ was used for calculation of the degree of attenuation. This resulted in a strong attenuation for most OCs (n=25, 24 to 94%) whereas for some (n=5) the change was not significant (<20%). Because most OCs in pattern 1a were semipolar or relatively apolar (n=19, logDow,pH7.9 1.2 to 4.6) and neutral (n=13) or cationic (n=15), some sorption is expected in the organic-rich sediment (section 2.5). At the same time, biodegradation in the HZ is also a likely process, since several OCs in pattern 1a are known to be biodegradable in STPs (e.g. atenolol, citalopram, fexofenadine, ranitidine, telmisartan, trimethoprim) (Otto et al., 2014) .
Overall, 37 OCs (29 parents, 8 TPs) demonstrated attenuation from SW to PW and subsequent linear increase with increasing PW depth without exceeding the TWA concentration in SW (pattern 1b). The concentration increase of these substances with PW depth suggests that the HZ acts as sink or source of OC, depending on the underlying hydraulic conditions. This observation is in agreement with previous observations based on PW sampling at high spatial and temporal resolution (Posselt et al., 2018) . Most OC in pattern 1b (n=26) were polar (logDow,pH7.9 ≤ 1) but of diverse speciation. Thus, substance properties alone cannot explain this phenomenon. However, it can be speculated that due to the low flow velocity and eutrophic conditions in the Erpe (Lewandowski et al., 2011b) , the ` 20 highly organic top sediment layer (section 2.5) served as sorption site for many OCs at -0.15 m. By contrast, elevated concentrations of many OC at -0.45 m could have originated from eventual connectivity to a highly contaminated groundwater body. Note that a detailed hydrological analysis was not completed within this study, so caution must be exercised when interpreting the results. For 2 parent OCs which were attenuated to below LOQ (pattern 1a), the monitored TP followed pattern 1b (increase with increasing PW depth). The first TP was clopidogrel carboxylic acid, a major human metabolite of clopidogrel formed by enzymatic hydrolysis (esterase). The second TP was atenolol acid/metoprolol acid formed from atenolol by (microbial) enzymatic hydrolysis (Radjenović et al., 2008) and from metoprolol through CYP450-mediated dealkylation during aerobic microbial biotransformation or in human metabolism (Kern et al., 2010; Rubirola et al., 2014) . Both transformations appear feasible in the oxic (0 to -0.30 m) and anoxic zones (below -0.30 m) of Erpe PW, except for an aerobic biodegradation of metoprolol in deep PW (below -0.30 m). Since both TP classify as polar (logDow,pH7.9 ≤ 1) and carry a negative charge at field pH, high subsurface mobility could be expected. Thus, elevated concentrations in PW could have resulted from emission by upstream STP with subsequent transport into PW (especially since SW concentrations were exceeding PW concentrations), but also from in-situ formation in the HZ.
The increasing concentration from SW to -0.45 m in PW was only observed for valsartan acid (pattern 2, Fig. 4 ). In fact, the concentration already exceeded the SW concentration at -0.15 m. Valsartan acid is a polar (logDow,pH7.9, -1.7) and anionic TP of valsartan Kern et al., 2010) and conceivably other structurally related antihypertensive drugs, such as candesartan (logDow,pH7.9, 0.3, anionic), irbesartan (logDow,pH7.9, 4.1, anionic), losartan (logDow,pH7.9, 3.6, anionic) and olmesarten (logDow,pH7.9, -1.2, anionic, not analyzed) (concentration profiles in section ESM1.J) (Zirlewagen et al., 2013) . Although its formation from valsartan (logDow,pH7.9, 0.6, anionic) is known for wastewater treatment and activated sludge , the occurrence in sediment PW has only recently been reported for the Erpe (Posselt et al., 2018; Schaper et al., 2019) . Concentrations obtained by active sampling in the latter studies and measured PS concentrations differ by an order of magnitude (comparison provided in Fig. ESM1.I-9 ). The latter is likelyactive and passive sampling periods were barely overlapping, meaning that PS were presumably exposed to different OC concentrations and fluctuations caused by the upstream STP. Another explanation could be an incorrect Rs estimate for valsartan acid. The Rs for this compound could not be determined in the uptake experiments over 14 days as valsartan acid equilibrated with the receiving phase (SDB-RPS disk) in <2 days of exposure. The mean partition coefficient of valsartan acid between SDB-RPS disk and tap water at assumed equilibrium (KSDBw = mSDB × CW -1 ) for days 6 and 14 accounted for 4.60.3 mL SDB-RPS disk -1 (40 mm cutout) under stagnant and 3.20.7 mL SDB-RPS disk -1 under flowing conditions. Rss calculated for the 2 day-exposure of PS3 were 2.20.3 mL d -1 (stagnant) and 1.60.6 mL d -1 (flowing). For comparison, the anion-specific Rs of PS3 under stagnant and flowing conditions accounted for 11 and 23 mL d -1 , respectively (section 3.1). PS PW concentrations of valsartan acid should therefore be considered as TWA of the (maximum) 2 days before retrieval or as (equilibrium) concentration snapshot at the time of retrieval. Using either of the 2 assumptions or the species-specific Rs, the trend for valsartan acid remains the same (pattern 2).
Among the monitored sartans, valsartan was the most dominant sartan in SW. Its transformation to valsartan acid involves 3 steps: (1) oxidative dealkylation of valsartan at the tertiary amide group, (2) hydrolysis to amino-valsartan at the secondary amide group, and (3) oxidative deamination to valsartan acid Kern et al., 2010) . Because some steps require oxic conditions, the formation in upper PW (-0.15 to -0.30 m) and accumulation in anoxic PW (-0.45 m) likely contributed to what was observed in Fig. 4 . As iterated before, the HZ may act as sink or source for this TP, depending on the underlying hydraulic conditions.
Screening for further transformation products
For 49 selected parent OC with a minimum TWA concentration of 50 ng L -1 in SW and a minimum attenuation of 63% at the water-sediment interface (34% if the PW LOQ was accounted for), TP suspects were predicted using metabolic logic (section 2.8) and screened for in PS extracts. After peak areas in PW were corrected for the flow velocity difference compared to SW using a field factor (section 2.8), total potential TP signals across the watersediment interface (214'270 in positive and 138'714 in negative ESI mode) were filtered (peak area cut-off, field blank, exclusion of STD and IS) and submitted to hierarchical cluster analysis ('hclust' in the 'cluster' R package) (Chiaia-Hernandez et al., 2017) . Of particular interest were patterns hinting at increased formation in the HZ (Fig.   4 , pattern 2). Compounds following this pattern were reviewed for retention time plausibility using the linear relationship (r 2 =0.67) between predicted logDOW (at mobile phase pH 3) and STD retention times (n=590) from literature for the same liquid chromatographic system (predicted retention time = (predicted logDOW,pH3 + 5.4) × 0.42 -1 min) . In case of duplicates at different retention times, only the most intense compound was considered (resulting in n=802 TP suspects). After the chromatography was visually inspected (n=381), TP candidates predicted from the molecular formula of the parent OC were reasoned (n=127). Compounds were only further inspected if a data-dependent MS2 was triggered (n=28). The obtained MS2 spectra were compared with in-silico predicted MS2 fragments and annotated using the Compound Discoverer Fragment Ion Search (FISh). The final candidates (n=9) featuring an isotope pattern match (spectral fit) between 53% and 97% and a FISh score >0% are presented in section ESM1.L. The most likely candidate was N-[4-(2-hydroxyacetyl)phenyl]methanesulfonamide (CAS 287944-24-5, C9H11NO4S, monoisotopic mass: 229.0409 Da), a TP suspect of the beta blocker sotalol predicted via the Eawag pathway prediction system (rule bt0063: secondary amine to amine and aldehyde, Sot-disnCHO) and detected in negative and positive ESI mode. A structurally similar TP of sotalol (N-(4-formylphenyl) methanesulfonamide) has been found in a former but not in the present study (Stadlmair et al., 2019) . In conclusion, several potential TPs followed pattern 2, however, many were lacking structural evidence, as e.g. diagnostic MS2 fragments or unequivocal halogen isotopic patterns.
Conclusions
 Two uptake experiments provided Rss for 4 PS configurations under stagnant and flowing conditions and for a broad set of OCs, many among them being frequently detected in water bodies. Application of these Rss to other low-flow scenarios, such as groundwater wells is possible.
 Increasing solute transfer resistance in the uptake limiting barrier did not render the tested PS configurations entirely insensitive towards changing hydrodynamic conditions. However, sensitivity could be considerably reduced compared to the unmodified reference PS (a Chemcatcher with a PES membrane and SDB-RPS receiving phase).
 PSs consisting of SDB-RPS disk as the receiving phase demonstrated discrimination of anionic, cationic, zwitterionic and neutral OC species. This discrimination was only minor in the tested agarose gel with Oasis HLB, making the estimation of OC concentrations in water more robust. However, since the binding gel was very fragile and proved difficult to handle, the SDB-RPS disk was preferred over the gel for the application in the field.
 Passive sampling across the water-sediment interface allowed for the determination of 104 OC concentration profiles at a STP effluent-dominated urban stream (Erpe), causing minimum sediment disturbance and only requiring minimal supervision. Comparison with concentration data at high spatial and temporal resolution in SW and in the PW of a nearby sediment patch revealed that PS concentrations (11-day average) were often a good approximation of concentrations (2-day average) obtained by active sampling in another study.
 Various spatial trends across the water-sediment interface were identified. In particular, the formation of valsartan acid from valsartan and conceivably other structurally related antihypertensive drugs in the HZ was observed.
 Uncertainties in water paths, sediment and PW characteristics limited the differentiation of fate processes and identification of TPs. A more detailed characterization of sites and a combination of different HZ sampling approaches might facilitate the characterization of fate processes in the field in the future.
